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SUMMARI

A seven-month study was conducted with $95,000 of 1964 Augmented Independent

Development Fundq to determine the fundamental nature of the gas dynamic re-

circulation process which gives rise to staging force, moment, and environment

problems in nearly all rocket powered separations. Parametric cold gas a3per.-

ments were conducted for a series of progressively more ccaplex idealized inter-

stage configurations which would exhibit, in sequence, the s teps in the recircu-

latdon phenomenon. Theoretical work was initiated which is expected to lead to

a method for making preliminary design estimates of recirculation effects on a

wide variety of potential vehicle staging configurations.

The exper!mental program was completed in full, with sufficient force, pressure,

and photographic data taken on all the planned configurations to support theoreti-

cal analysis. Plotted pressure and force data taken on the majority of the experi-

mental configurations is presented in an Appendix. Some of the data is not included

due to lack of time for reduction and plotting. A comparison between certain of the

data and previous experimental results is made, showing good agreement.

A discussion of theoretical concepts concerning interstage gas dynamics is given,

in which a scheme for calculating recirculation is envisioned as an iteration pro-

cedure, involving a series of independent stagnations and intervening supersonic

re-accelerations within the intarstage. Examination of the data shows such a step-

wise process of stagnations to exist, and thus the envisioned procedure appears

feasible, providing each of the independent steps can be correctly calculated.

Theoretical analysis was completed on the first stagnation process in the sequence

of steps leading to recirculation, and a preliminary method for the second stagnation

within the interstage was devised. However, the first stagnation method was found

to be inadequate within a high pressure interstage environment, when it was compared
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to the experimental data towar the end of the project. The ruaining time was

devoted to stidying huw this method could be corrected and what implications could

be drawn onacerning the interstage calculation as a whole. The inadequacies of

the theory in the interstage environment are examined by comparing various modi-

fications of te theory to the experimental data. The method of predicting the

separation rocket jet boundary appears inadequate, with no better method available

which is also sufficiently rapid for the computerized interstage application. The

assumption of zero mass and momentum flux in the jet boundary region appears poor.

While the proper value can easily be assigned to jet boundary strength, the inter-

action of the jet boundary of this strength, with flow attempting to leave the first

stagnation region appears to invalidate the boundary conditions for the stagnation

assumed in the theory. However, under experimental conditions where the jet boundary

is very weak, the first stagnation theory does show reasonable agreement with experi-

ment, implying that the basic equations of the theory are valid.

From the comparisons of theory and experiment it is found that the interaction of the

jet boundary with the first stagnation flow field produces a thin gas layer along the

floor of the interstage. Thus it is concluded that interstage vents located at floor

level would be particularly effective In reducing recirculation for single-stage rocket

powered deparation designs. Likewise, sealing the region of each interstage floor, in

a design involving simultaneous rocket separation of several adjacent stages, may be

expected to g'eatly reduce recirculation between the stages*
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LIST OF SYMBOLS

..Mbol Explanation

A Cross-sectional area (area in x-r plane) - radii 2

B Height of pressure top on experimental splitter fence
from interstage floor plate - radii

C Nozzle mass or momentum constant (see Appendix I)

F Height of pressure top on experimental circular fence
from bottom of fence - radii

f Radial distance from experimental nozzle centerline to

splitter fence, measured normal to fence - radii

H Height of pitot probe from interstage floor plate - radii

h Height of bottom of experimental circular- fence from inter-
stage floor plate - radii

K Stagnation layer area error sensitivity constant (see Appendix

I)

M Mach number of gas flow

m Sides of wedge-shaped control volume, V.

mFlux of mass - slugs/sec.

P Pressure - lbs/in 2

R Radial distance from nozzle-plate centerline to an experimental
pressure tp - radii

r Radial distance from nozzle centerline - radii

s A point on the interstage floor shock

T Thrust parameter - lb.

V First stagnation control volume, bounded by the floor shock, the
wedge sides (m) the interstage floor, and the layer exit (d)
- see Figure (8

V 1 Volume occupied by jet flow between nozzle and interstage floor
shock - see Figure (8)

x Axial distance from nozzle exit - radii

0( Flow angle measured from jet axis - degrees
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SI

__Mbl . . Explanation

(Angle of tilt of experimental nozzle-jet axis from
plate - container axis - degrees

Separation rocket exhaust ratio of specific heats

Distance of standoff from the interstage floor surface
radii

Width of first stagnation layer measured in the x direction -
radii

-Prandtl - Meyer angle - degrees

EAngle between pitot probe axis and the plane perpendicular
to experimental interstage plate - container axis - degrees

pRadius of the spherical jet boundary or floor shock approxi-
mations - radii

Angle between a line of experimental pressure taps and a line
from the nozzle aenterline perpendicular to a splitter fence,
measured positive counter-clockwise looking toward nozzle -
degrees

e Angle between sides (m) of first stagnation control volume
(v) - see Figure (8)

Angle between jet axis and perpendicular to the interstag* floor
shock - degrees

_Angle between a line of experimental pressure taps and the posi-
tive right-hand vector direction of nozzle tilts (13 measured
clockwise looking at nozzle - degrees

Subscit- Explanation

a in the ambient air or in the interstage cavity

assumed value assumed at the start of an iteration

b at the separation rocket jet boaudary

c at the separation rocket jet centerline, or referring to mass
flow from nozzle

calculated value computed at the end of an iteration

d at the exit of the first stagnation layer

f at a point on the interstage floor

in into a volume
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....... ~ Explanation

J at a point in the separation rocket free jet

1 at a point in the first stagnation layer

n at the separation rocket nozzle exit

NP at a point on the experimental nozzle plate

o between the jet and experimental plate - container centerline
at the level of the plate

out out of a volume

P at a point on the axperimen'cal interstage floor plate

R at a point on an experimental pitot - tube rake

r in the jet radial direction

T Total or stagnation value in a flow

x Ln the jet axial direction, or referring to flux of axial momentum
from nozzle

* at the nozzle throat
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INTRODUCTION

Nature of the Recirculation Problem

Recirculation flow, causing gas dynamic interactions between separating vehicle

stages, is common when staging is at high altitude and the separating stage is

powered by a rocket motor which is ignited during the staging sequence. Under

these conditions the jet wake from the rocket motor, expanding to the low ambient

pressure, may fill the space between the stag-s and stagnate directly on the floor

of the interstage volume. When this occurs (Figure 1) a strong peak in floor

pressure is set up where the jet flow is normal to the surface, with pressure de-

clining rapidly away from the peak in all directions. These floor pressure

gradients cause the stagnating flow to re-accelerate to supersonic speeds laterally

along the floor surface away from the peak. A second stagnation may take place with

supersonic flow recirculating up toward the separating stage, if there is any inter-

stage hardware blocking lateral escape of gas (Figure la), or if there is an adjacent

jet stagnation flow field opposing the lateral flow of gas from under the separating

stage (Figure lb). Recirculation is the existence of any supersonic reverse flow

directed back onto the separating stage, which arises from the deflection of exhaust

gas from the stage's own rocket motor.

Although there may be substantial gas dynamic interactions between the stages, recir-

culation does not occur during fire-in-the-hole separation (initially closed inter-

stage), such as Polaris first separation. This is because a high pressure is rapidly

achieved in the interstage volume which confines the separation rocket jet wake and

suppresses supersonic stagnations and re-expansions. Supersonic recirculation flow

gradually becomes important as more and more venting is allowed in the interstage

design, provided the separation occurs at high altitude, so that ambient pressure

does not confine the flow in the interstage. Because the interstage pressure must

be high to suppress recirculation, fire-in-the-hole separations are characterized

by higher staging forces than separations in which recirculation predominates.
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However, when recirculation is present, in a vented design, staging forces may be

much higher than would be expected assuming complete mixing within the interstage for
4

that design. This is because the momentum of the reverse flow jet is available to

act on the separating stage, in addition to the interstage cavity pressure, and for

supersonic reverse flow, this momentum may be quite large.

Importance of Recirculation to Vehicle Designs

The presence of supersonic recirculation flow within an interstage usually poses

serious vehicle design and performance problems. Often the principle problem is

the large force produced on the separating stage base by the stagnation of the re-

verse flow jet. The axial component of this force imparts an unexpected velocity

to the separating stage, changing its trajectory. If the separating stage is ung'U.ided,

no in-flight correction can be made for this velocity change. Even in guided stages,

the velocity perturbation often occurs in too short a time to be sensed accurately by

the guidance system. This often results in vehicle accuracy problems. For example,

the recirculation occurring during separation of the unguided A3 re-entry system shifts

the point of impact down ra-nge by approximately six miles.

Because the recirculation flow is supersonic, the pressures it produces on both stages

may be unsymmetrical, imparting angular rates to the stages. This occurs if the inter-

stage hardware is unsynmetrical, or if adjacent separating stages have different ig-

nition times or different thrust levels. Angular rates during staging may cause clearance

problems, and if the stages are unguided, their trajectories will be affected. For

example, the position, orientation, and radar cross section of the Polaris A3 re-entry

system components have been drastically affected by recirculation-induced angular rates,

and during re-entry, these rates cause re-entry body limit-cycle wobbling oscillationa

which increase radar scattering by the wake,

Finally, important des 4 gn problems are often caused by unexpectedly high struc ural

loads and heating produced in the interstage by the recirculation flow field. For
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example, the high loads experienced on the Polaris A3 forward heat shield, during

re-entry body separation, t1ave required about 50 lb. of extra structure in this

area. Even so, the smaller components (firing unitsp cables, snubbers, etc.) are

regularly torn off the missile by the recirculation flow field and se.attered about

the sky. This has greatly complicated the problem of radar data analysis from test

flights*

Expected Future Occurrence of Recirculation

Recirculation problems during re-entry system separation on the Polaris A3 will con-

tinue to be important as the system undergoes modifications. Even minor changes, such

as different instrumentation layouts in test flights, have been observed to change the

recirculation effects substantially. large cbanges, such as invisioned for the Mark

XII adaptation, will probably introduce completely new recirculation problems. Super-

sonic flow in the interstage which has been shown to occur during B3 first stage

separation (Reference a) must also be solved.

Recirculation effects should be anticipated in any highly vented interstage design,

such as envisioned in various large solid booster concepts. For example, interstage

recirculation gas dynamics produce important problems in the highly-vented Saturn

interstage (Reference b). Recirculation forbes, and debris carried by the recirculation

flow field, may be important during lunar landing and take-off (Reference c), especially

if there is substantially irregularity in the landing surface.

Available Methods and Data for Recirculation Problems

The flow in the expanding jet from the separation rocket nozzle may be calculated by

the LMSC method-of-characteristics computer program of Reference d). A Newtonian

approximation to the interstage floor pressures, produced by the direct stagnation of

this jet, may be calculated with the jet impingement computer program of Reference Ce).

However, these pressures may be substantially in error if a recirculation flow field
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exists between the free-jet flow and the interstage floor surface. When the itster-

stage is initially closed (fire-in-the-hole), so that recirculation is suppressed,

a computer program assuming complete mixing, Reference (f), may be used to calc2late

the axial force during separation. However, this method gives no information on

local flow conditions within the interstage. Also, it shows poor agreement with

experiment when the separation plane is near the interstage floor, or where venting

is initially present near the floor. When recirculation flow is responsible for the

staging forces, there is no analytical method for predioting magnitudes or determining

local flow conditions over interstage hardware.

Large amounts of experimental data on Polaris A3 re-entry body separation forces and

interstage pressures have been accumulated at LMSC (References (g), (h), and (i)).

These data are for reasonably exact scale models of different re-entry system designs,

and consequently the geometries are very complicated. Further, pressure data are very

limited. with no pitot tube or bther surveys of recirculation flow conditions. Con-

siderable interstage static pressure and vent flow pitot pressure data have been taken

on the separation of a small body from a highly vented container (Reference J), in

which the vents are longitudinal and not axisymmetric, and the interstage floor may

have a shape which varies -iith time in a complicated way. Reference (b) contains

interstage floor pressure data for designs with similar vents to those of Reference (J)s

and various (fixed) floor shapes. There are no flow property surveys in Reference (b).

Rezerence (k) presents pressure data on a flat plate due to the impingement of various

jets at low ambient pressuresj, and gives Schlieren photographs showing jet boundaries

and stagnation shock shapes.

Objectives of the Independent Development Study

Although attempts have been made to develop analytical methods for predicting recircu-

lation effects, using the available experimental data (especially that of Reference i),

the complications of the confi.gurations tested have proved insurmountable. To develop



5

an analytical capability, consideration of Simple configurations is necessary, with

subsequent generalizations to more complicated designs. However, no experimental

data exists on simple interstages, with which to -7erif.v a theoretical analysis "except

for Reference (k) in whizh there is no interstage at all). The importance of recir-

culation estimates in the design of advanced Polaris re-entry systems, and the lack

of fundamen-6al thecretical knowledge about recirculation, led to the present study on

196h Augmented Independent Development A is , to develop a basic understanding of the

recirculation process.

The objectives of the Gas Dynamics Interactions study were:

1) To develop an analytical method for computing recirculation staging

forces for simple designs in which the interstage is symmetric about

the separation rocket nozzle axis.

2) To generalize the axisymmetric method to various idealized types of

asymmetries found in actual vehicle designs.

3) To accumulate parametric experimental data on recirculation flow field

properties and induced staging forces, for idealized axisymmetric and

ncu-axisymmetric designs, and use these data to assist in the development

of the theory and provide information on trends which could be used in

design estimates.

Because of the emphasis on idealized configuration in both the theoretical and experi-

mental investigations, this work was supported by Independent Development Funds. By

divorcing the study from any specific vehicle design, it was hoped the results would

apply to preliminary design estimates for many different types of vehicles.
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PROJECT PLAN

Original Plan and Funding

Theoretical analysis was planned for a series of progressively more complicated axi-

symmetric interstage designs, beginning with the first stagnation of the separation

rocket jet on .Lates representing interstage floors of various shapes, then proceeding

to add thn sides and top of the interstage, and to consider various types of venting

(see figure 2). Generalization of the axisymmetric method was to be attempted for

i.olination of the separating stage from the interstage axis, and for the presence

of adjacent separating dtages assumed to be identical to the stage under consideration.

Experimental data was to be taken on each of the idealized configurations considered

in the analysis, so as to support and verify each step of the theory. Sufficient

pressure distributions, flow field property surveys, and photographs of flow field

structures were te be taken to permit thorough checkout of the assumptions made in

the theoretical work.

The plan called for testing to begin as soon as possible after approval of the project.

To accumulate large amounts of data quickly and at low cost, cold-flow testing was

planned for LMSC's Tenney Altitude Chamber (8h-33). Design and fabrication of the

simple axisymmetric model configurations was scheduled to be complete by mid-August,

with the first data to be available for analysis by the end of August. Testing of

more complicated models was to continue to the end of the project.

The development of a theoretical method for computing recirculation forces in the

axLsymretric design was planned to begin before the testing, and to be complete by

the end of October, allowing two months for the use of test data in this effort.

Generalization of the axisymmetric method to the various asymmetries was to begin in

November and to continue concurrent with testing of the corresponding configurations.

The total budget for the project was $95,000. Of this amount, 55% was allocated to

engineering work on the theory, data correlations, model design, and test conduct$
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Approximately 30% o. "".he budget was to be used for facility charges and data re-

duction computer programming. 15% of the budget was for model fabrication.

Fulfillment of Project Plan

The objectives of the experimental phase were met in full. Testing was completed on

all the configurations planned, with several configurations and conditions tested

which were not originally scheduled. Adequate pressare surveys, loads and photographic

data were obtained to permit theoretical aralysis of all the configarations. However,

the start of testing was delayed to the end of September because of lack of personnel

available at the beginning of the project, problems with facility scheduling, and

problems with the photographic setup. The first data were not available for analysis

until the beginning of November. The test schedule was very much compressed to finish

the planned testing within allocated funding. Consequently, much data was accumulated

with very little concurrent analysis of the results.

The theoretical analysis of the first stagnation of the separation rocket jet on the

interstage floor was completed by the end of August, and results from an RPC 4000 com-

puter program were obtained by the end of September. Calculation of further flow re-

accelerations and stagnations within the axisymnetric interstage had been studied, and

an RPC 4000 program had been drawn up by the end of October. With the availability of

experimental data in November, it was found that the First Stagnation program failed

to agree with experiment for many cases of interest. The remaining analysis time was

spent in studying the data to determine why the First Stagnaticn theory was failing,

how it could be corrected, and what implications could be drawn concerning the inter-

stage calculation as a whole. No progress was made on the calculation of the various

non-axisymmetric test configurations.
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DESCRIPTION OF EXPERMENTAL WORK

Model Description

The test was conducted at the I4SC Tenney Altitude Facility during the period September-

October 1964. A schematic of the test set up is presented in Figure (3). High pressure

nitrogen gas frm 12 standard commercial bottles, manifolded in parallel, flowed through

a valve and out through a nozzle onto a plate or into a vented container within the

evacuated test chamber, Thrust produced by the nozzle and the force acting on the plate

were measured using load cells* Pressures measured included ambient (test chamber)

pressure, nozzle chamber pressure, static pressures on the plate and on the walls of

the containers, and pitot pressures in the jet wake and in the vent areas. High speed

Schlieren motion pictures were taken during most runs. The axial distance between the

nozzle and the plate and the container vent area were varied frc run to run.

To facilitate ccmpleting the test schedule within the allotted time, the test set-up

was planned for maximum convenience of operation. Nitrogen pressure regulation, valve

control, and camera frame rate and on-off control were accomplished outside the test

chamber. The separation distance between the nozzle and all the various plates or

containers was remotely controlled using an electric motor to drive a worm and wheel

gear arrangement.

Two different nozzles were used during the test program: a sonic nozzle and a super-

sonic nozzle having an expansion ratio of 5.5 to 1. These nozzles are shown in Figure

(4).

As shown in Figure (M), interstage floor configurations tested included a flat plate,

and a conical plate. Certain model configurations included a flat plate concentric

with the nozzle axis and mounted in the plane of the nozzle exit (nozzle plate). Several

runs were made with the nozzle tilted with respect to the plate-container axis. A cir-

cular fence two inches high and four inches in radius mounted conaentrically about the

nozle axis, was used with the flat plate to simulate a vented container into which the
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Jet exhausted. The fence was moved axially between the plate and the nozzle to

furnish different vent areas. The circular fence was also used with the nozzle

plate to simulate a re-entry body flare. The effect of adjacent Jets was simu-

lated using a flat plate and splitter fences (see Figure 5)o The presence of

two, three, and six jets was thus simulated.

The parameters that were varied from run to run (see Figures 6 and 7) included

the separation distance between the plate and the nozzle exit plane (x), the dis-

tance frcm the plate to the bottom of the circular fence (h)p and tche radial dis-

tance between the nozzle axis and the splitter fences (f). The plate and the

fencen were attached so that they had the same movement relative to the nozzle exit

plane.

On-off control of the nitrogen flow was through a solenoid controlled, hydraulically

actuated quick opening Jamesbury ball valve. Constant nitrogen pressure during a

run was maintained with a dame regulator.

Test Conditioni,

Before every teat was run the Tenney Chamber was evacuated to a pressure altitude of

approximately 117,000 feet. After a test run (each run lasted one second) the altitude

had dropped to about 05,000 feet, in increase in test chamber pressure of about 65

percent. The nozzle chamber pressure averaged about 1450 psi during a run. This

average chamber pressure varied from run to run, being dependent on the bottle pressure.

Approximate extremes of average chamber pressure were 1350 psi and 1510 psi. Within a

test run the ctamber pressure reached operating level within 30 milliseconds after the

valve was actuated and would drop approximately 50 psi per second in most cases. The

speed at which nozzle pressure decreased (or increasud) depended on the pressure in the

bottles.

As shown in Figure (6), separation distance (x) varied from 10.7 r, (nozzle exit radii)
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to 49.5 Y when the sonic nozzle was used, and from 4.153 Y to 19.25,, when the

supersonic nozzle was used. Cylindrical fence height was 2" (21.7 4i sonic, 9.07

r. supersonic). The distance from the plate to the bottom of the circular fence (h)

varied from 0 to 21.7rsonic and from 0 to 4.53; supersonic. Maximum lower vent

area formed by this separation between plate and fence was 7,840 Ag (nozzle throat

area) for the single-stage configurations, and with the adjacent jet (splitter fence)

models the maximum area was 1960 Aj&. Only the sonic nozzle was used with the splitter

fences.

Instrumentation

Instrumentation used in the test program included strain gage pressure transdicers and

load cells, a position transducer, thermo-couples, bourdon tube pressure gages for

measuring nitrogen supply pressure, and a bourdon tune vacuum gage for measuring test

chamber pressure.

Thrust produced by the nozzle, and the force produced by the jet impinging on the plate

or container, were measured using single-bridge strain gage load cells.

Strain gage pressure transducers, of both absolute and differential types, were used

to measure test chamber pressures and model pressures, including pitot pressures in

the jet wake and in vent areas and static pressures on the plates and fences. Typical

locations for these measurements are shown in Figure (6). A position transducer, the
re.

output of which was on digital display, was used to set the separation distance. Two
a

thermocouples were used to measure temperatures in the shock layer on the plate. In
e

addition to force and pressure instrumentation, extensive use was made of photographic

instrumentation consisting of a modified schlieren system and a high speed motion

picture camera. As shown in Figure (3), light from a point source was passed through

the test model and returned to the camera lens along the same path by a 12" diameter

aspheric mirror.



All load cells and pressure transducers were physically calibrated before their in-

stallation in the model. In this physical calibration the output of the transducer

was read on a strain indicator. Also, with no load on the transducer, known re-

sistances were shunted into the circuitj producing changes in the strain indicator

reading. Thus, steps were obtained relating apparent load on the transducer with

resistance in the circuit. These steps were shunted into the circuit to make the

electrical transducer calibratiort before each test run.

Data Acquisition

Analog signals from the strain gage load cells and pressure transducers were digitized

and recorded by the Data Acquisition Sstem (DAS) of 0/84-33. A digitizer accepted

analog input voltages from the transducers and load cells and derived a number pro-

portional to the amplitude of each voltage at the time of sampling. This number

(millivolts) was then written on magnetic tape in BCD format. Time identification was

recorded with the test data. After each series of runs, the data was dumped onto cards

and also listed by an IBM 407 accounting machine.

Before each test run, with the test chamber at the proper simulated altitude, no-load

transducer outputs were recorded, then an eledtrical calibration made. In this electri-

cal calibration a known resistance (the same as used in the pre-test phsical calibration

was shunted into each transducer circuit, producing a change in millivolt counts in the

DAS. This permitted deriving a relationship between load (force or presmsue) on the

transducer and electrical output in millivolt counts.

Test Summary

The test program required approximately ten weeks to complete, including three weeks for

calibration and installation of transducers and set-up of the model and the nitrogen

supply. During the seven weks of testing, 259 runs were made, 167 with the sonic nozzle

and 92 with the supersonic nozzle,
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A complete summary of the experimental configurations may be found in Tables I, II

and IMI. Table I summarizes the sonic nozzle configurations tested, while Table II

presents the supersonic nozzle configurations. Table III summarizes the adjacent

Jet aitulating fence configurations, all of which were tested with the conio nozzle.

d8
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EXPERIMENTAL RESULTS

Data Reduction

To facilitate the reduction of the data, obtained as counts (see previous section))

a 7094 Fortran data reduction computer program was written (Reference r). This pro-

gram was designed to quantify and list the experimental data. The program converts

as-received counts into data expressed in engineering units. This data is listed as

a function of time, as is normalized data. Data is-normalized to a nozzle source

pressure of 1000 psia by dividing the data by the instantaneous average nozzle

pressure and multiplying the result by 1000. In addition, the program permits calcu-

lation of average values of the data over a specified time interval, as well as

generation of plots of any or all data versus time for the same time interval.

Due to the fact that some of the pressure transducers measured differential pressure,

while others measured absolute, additional operations were performed on the reduced

data to give all pressure measurements in absolute units. To obtain the absolute

loading on both the flat plate and nozzle plate - nozzle combination, it was necessary

to convert the differential force measured experimentally by adding the ambient

pressure loads acting on the test-cell sides of the plates. The total normalized

force in each case was then divided by the average normalized nozzle thrust taken

from all the flat plate test runs.

The average nozzle thrust was used to determine the force/thrust ratio rather than the

thrust for the test run in question, for two reasons. First, for runs which included

the nozzle plate, the measured force on the nozzle plate included the pressure loading

on the plate due to recirculation as well as the nozzle thrust. Since there was no way

to accurately separate the two contributions to the force, the nozzle thrust for those

runs was unknown. Second, a plot of nozzle total pressure versus measured (irust did

not reveal the expected linear relationships. Since for a given nozzle, the thrust

should be directly proportional to the nozzle total pressure, other, unknown effects

made their presence felt. These effects may have included, for examplep errors in
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force measurement or nozzle flow problems, such as the effective half angle or exit

Mach number differing from design conditions. The value of average thrust was 35o495

pounds for the sonic nozzle, and 414.87 pounds for the supersonic nozzle. Both of

these figures are normalized to a nozzle total pressure of 1000 psiao

Description of Experimental Data

For purposes of presentation, the data was divided into three classifications as

follows:

1. Sonic Nozzle Configurations

2. Supersonic Nozzle Configurations

3. Adjacent Jet Simulating Fence Configurations

A summary of thc configurations tested can be found in Tables I!, II, and IM.

Flots of the experimental test data for the first two classifications, sonic and super-

sonic nozzle configurations, may be found in Appendix I. The nozzle total pressure

to ambient pressure ratio for the data presented in the appendix is, nominally, 12,000.

In Appendix II plots of plate pressure distributions, nozzle plate pressure distributions,

fence pressure distributions, plate force/thrust ratios vs separation distance, nozzle

plate force/thrust ratios vs separation distance, and rake pressures vs separation dis-

tance, are presented. The photographic data on flow field structures is not presented

due to lack of time available to scale and map the photographs to compensate for angle-

of-view distortions (see Comparison of First Stagnation Theory to Experiment, for a

discussion of the analysis required).

Due to time limitations, the data from the third classification, the adjacent jet simu-

lating fence configurations, is not included in Appendix II. However, these data were

reduced and rough plots made during the data analysis effort, so that the data are

available for use in theoretical work and design estimation.

Data Validity

To assess the validity of the data, a comparison of the flat plate pressure distributions
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from Appendix II with the experimental data of Reference (k), and with the theoretical

predictions of the program of Reference (e) has been made in Figure (14).

For purposes of comparison, it was necessary to cross plot to experimental data of

Stitt (Reference k) to obtain data at the same separation distances as were tested.

Further, it should be noted that Stitt's data was obtained at a pressure ratio of 1.52

x 105 while the present data holds for a ratio of 1.2 x 104, This difference affects

the tails of the distributin, since the pressure ratio determines the boundary of the

jet, The core region does not appear to be greatly affected by the ratio, however*

It can be seen that the experimental data from the test and frm Stitt are in good

agreement.

The Newtonian jet impingement theory of Reference (e), compared in Figure (14), assumes

the plate shock lies directly on the surface, with no standoff distance. This would

be expected to give lower pressures on a flat plate than actually occur because the

Mach number in the jet is higher at the plate than at any shock standoff distance

above the plate. This is borne out in Figure 'l4), where jet impingement data is lower

at the axis than either experimental data source. The magnitude of this difference

is consistent with the standoff distance observed in the photographs of the test

configurations*



16

DESCRIPTION OF THEORETICAL WORK

Introduction

As described under Project Plan, the theoretical studies were concentrated on a

series of prog:sLively more complicated axially symmetric interstage designs,

2 beginning with the problem of a jet stagnating on a plate, then considering

stagnations against the sides and top of the interstage. This organization

e stemmed from preliminary concepts concerning interstage recirculation gas dynamics

drawn from jet impingement studies (eeg. Reference c) and the data of References

(i) and (k). It appeared that the flow in the interstage, for recirculation cases,

was a step-wise process of stagnations and re-accelerations, with each stagnation

process separated from the preceding one by a supersonic region (see Figure la).

Thus it was thought that each area of stagnation could be solved independently

from the other areas, given only the interstage pressure, the interstage gecmetry,

and the supersonic flow conditions upstream of the stagnation. By solving the

stagnation of the jet on the plate to obtain the flow conditions leaving the stag-

nation layer, it was thought that the initial conditions would then be given for

calculation of the acceleration of gas along the plate and stagnation against the

interstage sides. Likewise, solution of the side stagnation was anticipated to

set up the independent problem of the stagnation against the top of the interstage.

A scheme for solving the axisymmetric interstage was envisioned in which interstage

cavity pressure (PcV of Figure 1) would be first assumed, then the chain of stagnations

and re-accelerations areound the interstage would be calculated, and from the degree

to which the mass flow out of the interstage found for the various exits was different

from the mass flow in from the nozzle, a new interstage pressure would be assumed. The

process would be repeated wntil the interstage was in balance. Thus, the theoretical

analysis of the first stagna.ion of the separation rocket jet on a plate, given the

plate shape and the surrounding ambient (or cavity) pressure, was considered a6 an

independent problem, with application of the results to the re-accaleration and
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side stagnation a separate study.

As has been indicated in Project Plan, the analysis of the first stagnation was

completed, but based on assumptions which make the analysis iradequate in the high-

pressure confined environment of the interstage. However, this method does show

reasonable agreement with experiment in very low ambient pressure cases, and might

be modifiable for high pressure cases. Consequently, a discussion of this work

is given below. The analysis of the side stagnation was set up, but without good flow

conditions predicted from the first stagnation within the interstage, the adequacy

of the side stagnation theory could not be investigated. Theoretical work was done

on first stagnation for the nozzle tilted with respect to the plate, but this study

could not be carried far enough to produce results.

First Stagnation Theory

Two methods were investigated for calculating the normal stagnation of a jet on a

concentric axisymmetric plate. A stream tube continuity approach along the lines

suggested by Reference (m) was attempted, which would give the detailed flow field

within the stagnation layer. Persistent mathematical difficulties were encountered

and a working method was not completed. A second approach was to make a control-

volume analysis of the layer (volume V of Figure 8), to determine the total load on

the plate, the height of the layer at the jet boundary, and the average flow con-

ditions crossing the exit of the layer (d of Figure 8). This method was considered

adequate to solve the staging force problem and proide input flow conditions to the

side stagnation calculation. A working method and an RPC 4000 computer program were

developed using the control-volume analysis.

A full discussion of the control-volume method is given in Appendix I. The basic

equations are conservation of mass, axial momentum, and radial momentum for volume

V of Figure (8). These equations introduce (9) unknown quantities and thus (6)
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additional relationships are required. The basic assumptions of the method are that

the jet boundary is given by the circular arc method of Reference (n), the stagnation

shock is a spherical cap, and only isentropic jet flow as given by the program of

Reference (d) crosses the stagnation shock (i.e. the thickness and strength of the

jet boundary region is negligible). The shock stand off distance on the jet center-

line is taken from Reference (o). These assumptions permit relations to be drawn

between the unknown layer exit height ( AXcl of Figure 8) and exit radius ( Vd ),

W exit average flow angle ( ad ), exit total pressure (T ) radial momentum flux

entering the layer, and layer cross-sectional area. The sixth relation is the

assumption that average layer static pressure equals average plate pressure. With

these relatJ ons, the three basic equations are solved by a doable-iteration scheme.

Typical results of the analysis are shown in Figures 9-11.
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COMPARISON OF FIRST STAGNATION THEORY AND EXPERIMENT

Experimental Data Used

To obtain sufficient data for a comparison to all the results of the theory, it

was necessary to supplement the pressure and load measurements of Appendix II with

data drawn from the schlieren photographs. The information obtained from these photo-

graphs was the location and the shape of the separation rocket jet boundary and the

floor stagnation shock wave (see Figure 8). Assuming the flow in the expanding jet

to be correctly given by the program of Reference (d), the flow conditions crossing

d of Figure (8) at the shock (s) were calculated from the photographic shock angle.

Flow along the interstage floor was calculated from the measured plate pressure distri"

bution. Average flow conditions crossing d, for comparison to the theoretical average

values, were taken as the average of the conditions at s and f.

For the experimental configurations having simply the nozzle and the flat plate, the

jet boundary and the plate shock were generally completely visible in the photographs.

However, the shock appeared to lie very close to the plate, or at times to disappear

within the plate on the centerline. This was due to viewing the model with a cone

of light produced by the slit source and returned by the aspheric mirror (Figure 3).

The plate was thus viewed at an angle, and some of the stagnation layer was obscured

behind the elliptical plate shadow. Although no correction was required for the

photographic axial disti.lces from the nozzle to points on the shock, the true position

of the plate had to be determined from the known view angle and the photographic

position of the rear edge of the plate. After this position had been determined, the

axial scale of the photograph was calculated from the known and photographic separation

distances.

For the configurations ingolving the circular fence, the fence often obacured most of

the jet boundary and plate shock, except for the view through the region of the axis

provided by a 1.5" x 2" plexiglass window. The analysis of the axial scale and hardware
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positions was as abov% except that both the nozzle and plate positions were obscured

and required determination from the angles of view. The ar~as of the Jet boundary

blocked by the fence were filled in by noting the pressure to which the known flow

in the jet was raised in crossing the visible boundary shock wave, and continuing

this shock through the jet in such a way as to be a smooth curve and maintain the

pressure behind it corstant. The intersection of the plate shock with the boundary

was determined from the derived boundary shape and the ring of interaction repre-

senting this intersection which was visible in the window.

Comparison of Theory and Experiment

The experimental data for three test configurations is compared to the first stag-

nation theory in Figures 9-11. Figures (9) and (10) refer to free jets, at a nozzle

pressure ratio (Ri/pa) of 12,000, impinging on flat plates. Figure (1) is the Jet

impingement within an interstage configuration at a nozzle pressure ratio of 1130.

All three cases involve the sonic nozzle of Figure (4). The solid lines are experi-

mental values and the dashed lines are from the theory of Appendix I.

From these figures it is seen that there is excellent agreement between theoretical

plate shock standoff distance on the jet centerline ktaken from Reference Q) and the

sta.doff measured from the photographs. As a consequence, there is good agreement

between theoretical and experimental centerline plate pressures, which are governed
I

by shock standoff. However, the theoretical jet boundary (as predicted by the circular

arc method of Reference n) deviates greatly to the outside of the photographic boundary.

The radius of the stagnation layer exit (rj of Figure 8) is thus much greater in theory

than in experiment. The deviation of the various theoretical results from experimental

values becomes difficult to interpret in view of the disparity in geuetry, and the

fundamental wa in which Wd enters into the analysis (see Appendix I). It should be

noted that theoretical plate load (L), layer exit static pressure (Pd ), pitot

pressure ( ) ' flow angle ( OX ), and Mach number ( Md ) agree remarkably well
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with the experimental values at the radius ( V ) taken by the theory, even

though the actual layer ext is not located there. However, the first stagnation

theory of Appendix I must be regarded as unsuitable for use on the recirculation

problem as long as it fails to predict the correct height and radius of the stag-

nation layer.

Investigation of Methods for the Jet Boundary

The method used to o-tain the jet boundary is not. fundamental to the analysis of the

stagnation layer but an independent problem, since the expanding separation rocket

jet is supersonic. The circular arc method of Reference (n) was chosen because of

its speed, and because the comparisons to experiment in that reference were favorable.

The need for speed in the boundary calculation for the interstage application arises

Lecause the cavity pressure surrounding the jet is not known a priori but is an

iteration variable. Each iteration necessitates the calculation of a new jet boundary.

Thus, if the boundary calculation is time consuming, the length of time necessary to

completely solve one interstage problem could be prohibitive.

The method of characteristics has been shown to give boundaries which agree quite well

with experiment (see Reference p). This method, which produces very accurate results*

is, however, extremely time consuming. An example of the agreement between the program

of Reference (d) and the present experimental data is shown by the calculated points

in Figure (9).

In the interest of speed and ease of calculation, a number of approximate methods have

been developed for boundary determinations including the circular arc method of

Reference (n) adopted in the theory. Threemethods are presented in Figure (12), compared

to the method-of-characteristics boundary calculated for the cace of Figure (13). Good

agreement is seen for both the Latvala approximate method (also given in Reference a)

and the Adamson and Nicholls method (Reference q) for small values of X/r, (see insct,
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'Figure 12), with the Latvala method being slightly better. Both methods are

more accurate in this region than the Latvala circular arc. However, both

methods shortly cross over the characteristics solution and thence.continually

deviate in such a manner as to produce boundaries considerably in excess of the

correct boundary and even in excess of the circular arc boundary.

The circular arc approximation could be much improved by decreasing the initial

expansion angle. This decrease has no basis in theory, but a similar decrease

was found advantageous by Latvala for similar pressure ratios (Reference n). At

larger pressure ratios, the agreement further downstream still leaves much to be

desired, being generally larger than the actual boundary, then curVing too rapidly

and cutting across the boundary.

It thus appears that none of these approximate methods are saitable for predicting

r* the jet boundary a large number of exit radii downstream of the nozzle, which is the

region of interest in the recirculation calculation. The only reliable meahod in the

method of characteristics, which has the large disadvantage of being oxcessively time

L consuming. Either some concise tabulation of characteristics boundaries for the nozzle

in question would have to be employed, or some new approximate method derived frcm

characteristics theory would have to be developed, in order to permit the continuation

of the first stagnation calculation and the solution to recirculation.

Investigation of the Assumptions of the Theory

To further investigate the assumptions of the first stagnation analysis, the theoreti-

cal jet boundary estimates were forced to agree with the photograph;- boundaries of

Lred Figures 9-11, by adjusting the boundary expansion angle at the nozzle, as suggested

)d by Latvala, in Reference (n)t The first-stagnation analysis was then repeated for these

cases. The results are shown in Figures (9-11) by the dotted lineso

It is seen that the comparison between theoretical and experimental stagnation 1 Ter
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geometry and flow properties is good only for Figure (9). The theoretical layer

exit height ( AXd ) becomes progressively greater than the experimental value

in Figures (10) and (11). This deviation is believed due to the influence of the

jet boundary. For the case of Figure (9), the ambient pressure is low and the

length of boundary involved is fairly small, so that the boundary region (region

between jet boundary shock and the interface with ambient air) is thin, and the

strength of flow in this region is small. The assumption of the theory that the

boundary is negligible appears good for this case, For the case of Figure (10),

however, the boundary is apparent)v long enough to hare captured a substantial amount

of gas from the jet core. Tis boundary evidently prevents appreciable flow from

entering the stagnation layer across the plate shock. Thus the theoretical method,

which assumes all the jet gas to be involved in the layer, predicts appreciably too

great a layer height. This situation is carried to extremes in Figure (11), where the

high ambient pressure of the interstage produces a very thick and strong Jet boundary.

In fact, at the experinental layer exit point, sd, (see Figure 8) over half the thrust

of the jet is concentrated in the boundary. Under these circumstances, the assumption

that the boundary is negligible, and that all the jet gas is contained in the isentropic

core and crosses the plate shock, gives ridiculous results.

To further investigate the theoretical assumptions, the first stagnation method was

applied to the dase of Figure (-1), with not only the jet boundary adjusted to agree

with experiment, but with the axial momentum and mass flow considered to cr-9 the

plate shock (Ch and Cc, of Appendix I) adjusted to the actual amoants contained in

the jet core. The results are shown in Figure (11) by the dot-dash lines. The pre-

dicted layer geometry is seen to be very good, as is layer exit flow angle. Howevers,

the plate load is considerably lower in theory than in experiment, the theoretical layer

exit Mach number ( Md ) is much too high and the exit static pressure ( ) is much

too low. Since thcse results were not obtained in the adjusted-boundary calculation of

Figure (9), they point to an influence of the relatively high-density oundary in
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restraining the exit of flow from the layer, causing a build-up of pressure within

the layer and on the plate. It appears that the calculation of first stagnation

of the jet on the interstage floor cannot be made by ignoring the jet boundary and

assuming the jet flow to be isentrcpic. in the high pressure interstage environment,

the requirement that the hi4,-density boundary stream be turned by the flow accelerating

across the plate out of the stagnation layer, evidently imposes a different character

to the layer from that to be expected in near-vacuum impingement. The presence of the

jet boundary must be incorporated into the first stagnaon theory before good results

can be expected.

It should be noted from Figui-e (11) that the pressure gradient across the interstage

floor is sufficiently great to induce supersonic flow between the first stagnation

layer exit and the sides of the interstage, Thus, the first stagnation process is

independent of the side stagnation process. Likewise, supersonic flow exists along

the sides between the bottom and top of the interstage. It would seem that the

assumption of a step-wise sequence of independent stagnations is correct, and that

a theoretical method for recirculatLion which is based on this assumption would be

feasible.

The question of how the high density jet boundary of Figure (11) (total pressure -

260 psi) interacts and is turned along the plate by the relatively low density stag-

nation layer flow (total pressure w 4 psi) is fundamental to an understanding of the

conditions which would have to be incorporated into the first stagnation theory to

make it correct. This quf tion hs ht en studied by a conservation analysis of the

small volume shown in the in!r , Piurf (I), mking use of the measured plate pressure

distribution and assumed linear pres-ure and flow angle distributions across the flows.
,er

In this analysis, the boundary and layer flows have been assumed not to mix, but to

retain their separate identitie3. Since the layer flow is subsonic, it has been assumed

isentropic. The results, shown in Figure (11), are that the boundary flow turns, and
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grows greatly in width, while losing total pressure rapidly. The layer flow con-

tinues to accelerate towards M - 1, and thus becomes smaller in thickness. The indi-

cation is that as flow continues to expand to greater radii, the boundary stream will
continue to broaden, turn, and lose total pressure, occupying an ever inc-easing pro-

portion of the ever decreaslng total layer width. The method of turning the boundary

must be through shocks induced in that stream by tie aubsonic layer flow underneath,

and reflected expansions induced when these shocks strike the interface with ambient

air. This process continues until the layer flow reaches M - 12 at which point shocks

can propagate also through this stream and reflect fr,.m the plate. The hump in the

plate pressure distribution of Figure (11) is very suggestive of such a process. The

result is expected to be a rathcr thin, two-layered high density flow along the plate,

-ith the boundary flow occupying most of the width.

One further observation on the theoretical assumptions arises from an attempt to apply

the first stagnati.n theory to near-vacuum impingement on the cone-shaped experimental

plate configuration. The method or Refercnce 'o) predicted a centerline shock standoff

distance much smaller than the experimental value. Using this distance, the calcu-

lations becone mathematically unstable and no solution Was found. The instabilities

were of a type previously encountered in the development of the theory (see Appendix I),

and are believed to be associated with insufficient stagnation layer cross-sectional

area during iteration. With the small centerline standoff distance, the theory could

not pass a spherical shock out the cone and achieve sufficient layer area at all points.

This is shown in Figure (1)). Thus, the method of Reference (o) is not adequate to give

centerline standoff distance when Lhe L'fterstage floor has a slope at the center. This

is not stu-prising since the assump ,r. that the plate surface near the jet centerline is

normal to the centerline is fundarnta! tu the analysis in Reference (o), That method

would have to be generalized for slop-d uurfaces in order to handle such interstage floor

shapes. This ccnclusion may also ha-a irmfortant bearing on jet stagnation calculations

when the jet is tilted with respect to the interstage floor axis,



IMPLICATIONS OF THE THEO ETICAL-EXPERIMENTAL COMPARISONS

The important implication to design studies of the experimental and theoretical re-

sults is that in rocket staging problems the jet gas from the separation rocket may

be confined to a thin, high density stream as it flows along the interstage floor.

Thus, by supplying vents in the sides of the interstage at the level of the floor,

much of the jet gas can be exhausted, and the interstage recirculation (and hence

staging forces) can be greatly reduced. However, if vents are above the floor, even

by a small amount, they may be much lesd effective, because the thin floor stream may

be expected to require only a small height in which to complete its turn at the sides

and begin re-acclerating toward the top of the interstage. For a design having

simultaneous rocket ejection of two or more adjacent stages, strong flows exiting

from any bottom vents would interact to produce a potentially strong flow up be-

tweAn the stages, which might produce high staging perturbations. This, of course,

is the dase for the Polaris A3 (Reference i)o Under these circumstances it might be

better to avoid bottom venting entirely.

or
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CONCLUSIONS

1. A ten week test program including 259 successful runs was conducted at the

I2SC Tenney Altitude Facility. High pressure nitrogen was used to simulate

flow from a rocket motor exhausting into the test cell at pressure altitudes

which varied from 105,000 feet to 117,000 feet. Testing was completed on

all the configurations planned with adequate pressure surveys, loads, and

photographic data obtained to permit theoretical analysis.

2. The recirculation flow within an interstage during rocket powered stage

separation appears to consist of a chain of supersonic accelerations and

stagnations, each of which may be solved independent of the others. A

method appears feasible for sol-ing staging problems involving iteration

on interstage cavity pressure, with calculation of the chain of stagnations

around the interstage for each iteration.

3. The first stagnation of the separation rocket jet on the interstage floor

appears to follow the laws of conservation of mass, axial momentum and radial

momentum, as applied to the entire stagnation layer. A method for calculating

this process with these equations appears feasible providing:

a. The correct position of the Jet boundary is known;

b. The mass and momentum in the jet is properly apportioned

between the isentropic core and the boundary strip;

c. The influence of the jet boundary in restricting the flaw

across the exit of the stagnation layer is properly considered.

h. In recirculation cases, the gas flow across the interstage floor appears confined

to a thin layer due to the action of the jet boundary on the first stagnation flow

field. This would be expected to render interstage vents at the level of the

floor very effective in reducing recirculation forces. Likewise, for a cluster
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of separating iitages, sealing each interstage at the level of the floor

would appear to be very effective in preventin , recirculation in the center

of the olustero
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Basic Assumptions

As shown in Figure (8), an axisymmetric free jet is assumed to expand from the

separating body nozzle to the interstage pressure environment, and stagnate against

an axisymmetric interstage floor having the same axis as the nozzle and jet. The

gas is assumed perfect, with ratio of specific heats ( 7 ) constant at the nozzle

chamber value. The entire flow field is assumed steady. The jet expansion and

stagnation processes are assumed adiabatic, with the flow in the jet isentropic

except for a small region near the boundary-. The flow properties in the free jet

can thus be obtained with the method of characteristics (Reference d). The flow

in the layer (V) is also assumed isentropic, so that all entropy changes in the

field occur at the shock, b.

Basic qcuations

The basic equations used are conservation of the mass, axial (x) mtaentum and

radial (r) momentum of the gas within control volumes. These equations hold if the

flow is steady, adiabatic. and perfect. Under these conditions the conservation of

energy is not independent of conservation of mass and momentum. The mass and momentum

equations are written for Volume V of Figure 8, with mass and axmal momentum fluxes

into V determined from the fluxes out of V1.

Since the flow is assumed steady, conservation of mass in V and V1 takes the form:

(mass flow into volume) - (mass flow out of volume)

For VI (see list of symbols):

ePr. J

For V, Iin t% 4tc C'; from V1 . Thus:

where Pd, 'd , and M 1 refer to average values across the stagnation layer at d



z

(as defined in the list of symbols), and 9 has been divided out.

Conservation of axial momentum in the volumes has the form:

(flux of x-mcruentum into volume) +(integral of all pressure

forces on the volme in the positive x-direction) -

(flux of x-uomentum out of volume) - 0 0

since the flow is steady and no external forces are applied except along the

bounding surfaces of the volumes, for Volume V,:

(flux of x-momentum out of volume + pressure force on shook surface. s

in the negative x-direction)

For volume V, the flux of x-momentun in over a + the pressure force in the

positive x-direction on s, is equal to the left-hand side of the above equation.

Hence:

uM( )  p U -' ) jfr) rch

where 0/2 has been divided out. Here, fp, rcr is the pressure force exerted on
C)

V in the negative x-direction by the interstage floor.

Under the basic assumptionsp conservation of radial momentum in volume V has the

for.

(flux of r-momentum into V across sutface s)

+ (positive r component of the pressure force acting on a)

+ (positive component of the pressure force on the sides, m, of

V) + (positive r component of the pressure force exerted by the inter-

stage floor, f) - (flux of r-momentun out of V across d) - (r component of

pressuro force acting on the exit, ,d, of V) a 0
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Denoting the sum of the first two terms by IT° , we have:

0 r

- P/ d Axd e (I-'" d ,7,y ) = 0)

Equations 1, 2, and 3 are the basic equations used in the solution to the first

stagnation problem. The desired answers are the flow propprties and geometry

P Cl/) a') ' d c X "/xj ) at the exit, d, of the stagnation layer,

and the total load on the interstage floor under the layer (Z P{ (r)ra.

Assmpion

In addition to the desired flow properties ( Pd ) Mj , Od ), the geometry of

the stagnation layer exit ( Q ) i xd ), and the interstage floor pressure distri-

bution ( P (r) ), equations 1 - 3 contain the radial thrust of gas crossing

s (Tjr), the static pressure distribution in the 1-yer ( P (Y) r) ), and the shock

shape (xs(r)), There are thus 9 unknown quantities and functions to be determined

with 3 equations. This requires assumptions permitting 6 of the unknown quantities

to be calculated or related to other unknowns.

If the jet boundary shape is known, rd is related to A XS by simple geometry in-

volving the known interstage floor shape. In this method the jet boundary is assumed

to be given by a Latvala circular arc (Reference n), as follows (see Figure 8 and

list of symbols):

4a a ,. n 7')\4,% P (!Mn +

where: 1 72./J7"- "1/ " -- / -/

andt / P 1
5r> -1-/3.78= & -.37.7-, -



In order to relate the shock shape, X. (r) , to A x and 'y , i-. is necessary

to know the point, XsC , where the shock crosses the axis of symmetry, and also
the shape function of the shock. In this method, s is assumed to be given by

the Yoshihara analysis (Reference o):

6. = x S c" '- / 4 7L M 4 (xsc)
XC S

where Mj( Xsc ) is the Mach number in the free jet at the point where the shock

crosses the axis, as given by the method-of-characteristics program of Reference d.

Since Mj varies with X 5 c , equations 6 must be solved iteratively.

The shape of the shock is assumed in this analysis to be a spherical cap, with

center on the axis of symmetry. This assumption, together with the locations of

two points on the shock ( Xscp and Xs,5 rd ), is sufficient to determine XS ( r):

7. -_p~

Los

Where 0s is the angle between the normal to the shock at the point ( , , r ), and

the axis of syum'try,

With the shock shape known, Tjr may be determined, since the flow properties in

the free jet are given by method-of-charact3ristics:

8
8 7r = /lj + iJ 4 vI

0

here, PJo j , and Mj are the flow properties in the free jet at the point :

x= XSC C- f os9 -7]

r=S In
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Since changes in entropy (and hence total pressure) are assumed to occur only

at the shock, s, a knowledge of the shock shape and all upstream jet flow

properties also permits calculating the total pressure of flow after crossing

the shock at each point on the shock:

j [/

Here, pJ, Mj, and 0i'j are jet flow properties given as above. These data permit

the calculation of the mean total pressure of the layer flow, Ar- , by sime sort

of averaging technique. In this method an area-weighted average is taken:
9. ~s o~~-%)~

Co

Using Prd , Md and Pd may be related by the equation:

10. ___ ___ __S

Finally, the Iiean flow angle at the layer exit, (d,, may be related to the shock

shape and A Xd if the nhape of the flow angle distribution across the layer is

assumed. This is because the shock shape, together with the known jet flow field

upstream specifies the angle of flow just downstream of the shock at all points along

the shock, including at the layer exit:

' '/7 7 (%-7)fnf1c°sX /'-Zt) - '1 /
id -4 -z cc 5 ' d¢.)

(Here ljd , Mjd are jet flow properties just upstrqp of the shock at the intersection

of the shock with the jet boundary). AI% te f4': 0,gle at the layer exit on the

interstage floor, -11 4P iB the same as the angle of the floor itself. Thus, the

fh- angle zvho two eds of the segment d xd is specified by the shock shape. In

this =alysis the flow angle distribution across the layer at d is assumed linear.
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Thus:

In this method the interstage floor pressure distribution is replaced by an average

floor pressurep P , which gives the load on the interatage floor:

fxf

xd r

Farthermore, the layer static pressure distribution is replaced by an average static

pressure, which is assumed equal to Pf:

13. (x, r) dx d, r Pe (x-X x s d r
0 r

Equations 4 - 13 reduce the number of basic unknowns in equations 1 - 3 to A Xd,

Md, and Pf. Therefore, there are sufficient basic equations to determine these

remaining unknowns, However, the equations are very difficult, due to the term

( sin -0 ). Since c is arbitrary, it has been convenient to assume it to be a

small value, so that sin ! . When this is done, e divides out of equation 3,

and this variable is eliminated from the entire problem.

Method of Solution

In this analysis the boundary shape is determined fron equations 4 and 5, and the

_-;iock centerline standoff is determined from 6, using the given nozzle exit conditionsp

ambient pressure, and interstage floor shape. The procedure is, next, to enter a

/X4 iteration. 8 Yd is assumed, and from this rd, the shock shape, TJr, PTd

0Q. , and the integrals r(xC -X) andjr fdx , are determined. Then,

equatiuns I - 3, together with 10, are solved for pf, dj, and a new Axd 0 The

iteration is continued until the assumed and calculated AXd agree.
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It has been found that this procedure is mathematically very unstable when

equations 1 -3 are used without modification. For some assumptions of A Xd

there is no solution for Md; for other assumptions a value for Md is obtained,

but the calculated Ad may be negative or imaginary. This behavior has been

traced to the termt Pj (Xf - XS ) 1r. For a range

of assumptions of Ald which are too small, this term is too small to satisfy

equation 3 with flow being out of the stagnation layer at d, as implied by equations

I and U. It has, therefore, been found convenient to increase the size of this

term in case the assumed 6x. is too small, so that the equations become mathe-

matically stable. Consequently, the term:

has been added to Pf (XC - X 5) Jr in equation 3. This term compensates for

too small a value of 6Xd (assumed)) yet disappears when xd(assumed)approaches

the calculated value. The form of this term arises from a consideration of the

effect of an error in AX./ on the -layer areas f / - x ) dr

Eliminating Pd, Pf, and Ad (calculated) from equations 1L 2, 10, and the modified

equation 3, we have:

(/ y M- d>, )-C-,

rd Yfl9 2r'C cosc4A 2 YrNd ,'nIMP f / + tlM i 2 '~Od~)A i
- ' 0;' + M, Cosa n (A~r +A,_~ rfd

dr' in 4f A~d

where: CC 2-fl AjZ_ J Ocx

c,, rM,,L) ,, - rf, AX=- x, d

x =)Ptj j Al k
Ordz o

X~ I Axd
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Within each L3Xd iteration, equation 14 is used to solve for Md. Pd as calculated

from both expressions of 14 ia forced to be the same by trial and error adjustment

of MA. When a value of Md for the iteration has been found, a calculated 6 xd is

obtained from equation 1:

c6. xd = pc

When the 6xd iteration has converged, Pf is calcv'Lated by:

/ Md (Cx~&~ 41~cC~~'

and the total load on the intw-stagb floor is given by:

L r r
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Explanation

The data presented herein is divided into two broad classifications, sonic nozzle

configurations and supersonic nozzle configurations. The pressure data is normalized

to a nozzle total pressure of IO0 psia. To make use of the pressure data for a

different total pressure, multiply the pressure data by the new total pressure times

i0-3. The force ratios can be used directly.

All the data presented was taken at the same value of nozzle total pressure to ambient

pressure ratio, 1.2 x I04 For "closed" configurations, that is, configurations having

a nozzle plate and/or a circular fence, the local ambient pressure is not the same as

the ambient, or test cell, pressure. In particular, for configurations having a

nozzle plate, the local ambient pressure is, in general, vastly different from the

test cell pressure. This local ambient pressure, which determines the shape and

extent of the Jet boundary, is essentially unknown. Hence, the pressure ratio

mentioned above is based on the test cell pressure.

The circular fence used throughout the test had a height of 21v7 exit radii for the

sonic nozzle, and 9.07 exit radii for the supersonic nozzle. The inside diameter

of the fence, the base plate diameter and the nozzle plate diameter were all 86.8

exit radii for the sonic nozzle, and 36.28 exit radii for the supersonic nozzle.

The locations of the pressure probes used in the test are indicated on the plots of

rake pressures. The symbols H, RR, and ^-, used to locate the probes, are defined

as in Figure (6), as are all other symbols encountered in the plots*

Summary of the Data

P,, - 000 psia Pk /. 12000 Y - 1.4

Supersonic Nozzle:

A/A* - 545 4n- 160

Sonic Nozzle:

A/A* a1o0 OO
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Figure 1 Sonic Nozzle Flat Plate

a. Plate Pressure Distribution

b. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

Figure 2 Sonic Nozzle Flat Plato with Nozzle Plate

a. Plate Pressure Distribution

b. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

c. Nozzle Plate Force/Thrust Ratio vs Separation
Distance and Nozzle Plate Pressure Distribution

Figure 3 Sonic Nozzle Flat Plate with Circular Fence (h/r 0)

a. Plate Pressure Distribution

b. Fence Pressure Distribution

c. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

Figure 4 Sonic Nozzle Flat Plate with Nozzle Plate and
Circular Fence (h/r. - 0)

a. Plate Pressure Distribution

b, Fence Pressure Distribution

c. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

d. Nozzle Plate Force/Thrust Ratio vs Separation Distance
and Nozzle Plate Pressure Distribution

Figure 5 Sonic Nozzle Flat Plate with Circular Fence (h/rn -1019Q)

a. Plate Pressure Distribution

b. Fence Pressure Distribution

c. Plate Force/Thrust Ratio and Rake Pressures vs Separation
Distance
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Figure 6 Sonic Nozzle Flat Plate with Nozzle Plate and
Circular Fence ( 1/r, - 10.98)

a. Plate Pressure Distribution

b. Fence Pressure Distribution

c. Plate Force/Thrust Ratio and Rake Pressures .r5
Separation Distance

d. Nozzle Plate Force/Thrust Ratio vs Separation
Distance and Nozzle Plate Pressure Distribution

Figure 7 Sonic Nozzle Flat Plate with Circular Fence (A/r -16.30

a. Plate Pressure Distribution

b. Fence Pressure Distribution

c. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

Figure 8 Sonic Nozzle Flat Plate with Circular Fence (h/rn 21.70

a. Plate Pressure Distribution

b. Fence Pressure Distribution

c. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

Figure 9 Sonic Nozzle Simulated Re-entry Body Flare

a. Plate Pressure Distribution

b. Fence Pressure Distribution

c, Plate Force/Thrust Ratio and Rake Pressures vs
?Q) Separation Distance

d. Nozzle Plate Force/Thrust Ratio vs Separation Distance and
Nozzle Plate Pressure Distribution



Figure 10 Sonic Nozzle Flat Plate with Nozzle Tilted 4.70 and 9.80

a. Plate Pressure Distribution - Plane I

b. Plate Pressure Distribution - Plane 2

c. Plate Pressure Distribution - Plane 3

d. Plate Force/Thrust Ratio and Rake Pressures
vs Separation Distance - 4.7

e. Plate Force Thrust Ratio and Rake Pressures
vs. Separation Distance - 9.80

Figure 11 Sonic Nozzle Cone, Altitude - 21.7 radii

a. Plate Pressure Distribution

b. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

Figure 12 Supersonic Nozzle Flat Plate

a. Plate Pressure Distribution

b. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

Figure 13 Supersonic Nozzle Flat Plate with Nozzle Plate

a. Plate Pressure Distribution

b. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

c. Nozzle Plate Force/Thrust Ratio vs Separation Distance
and Nozzle Plate Pressure Distribution

Figure 14 Supersonic Nozzle Flat Plate with Circular Fence (h/r, - 0)

a. Plate Pressure Distribution

b. Fence Pressure Distribution

c. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance



Figure 15 Supersonic Nozzle Flat Plate with Nozzle Plate and
Circular Fence ( h/r 0)

a. Plate Pressure Distribution

b. Fence Pressure Distribution

o. Plate Force/Thrust Ratio and Rake Pressures vs
Separation

d. Nozzle Plate Force/Thrust Ratio vs Separation Distance
and Nozzle Plate Pressure Distribution

Figure 16 Supersonic Nozzle Flat Plate with Nozzle Plate and

Circular Fence ( h/r - .34)

a. Plate Pressure Distribution

b. Fence Pressure Distribution

c. Plate Force/Thrust Ratio and Rake Pressure
vs Separation Distance

d. Nozzle Plate Force/Thrust Ratio vs Separation
Distance and Nozzle Plate Pressure Distribution
I

Figure 17 Supersonic Nozzle Flat Plate with Circular Fence (A/r -2.268:

a. Plate Pressure Distribution

b. Fence Pressure Distribution

c. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

Figure 18 Supersonic Nozzle Flat Plate with Nozzle Plate and Circular
Fence ( h/r - 2.268)

a. Plate Pressure Distribution

b. Fence Pressure Distribution

c, Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

d. Nozzle Plate Force/Thrust Ratio vs Separation Distance and
Nozzle Plate Pressure Distribution
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Figure 19 Supersonic Nozzle Flat Plate with Circular Fence ( h/rn -4.539

a. Plate Pressure Distribution

b. Fence Pressure Distribution

c. Plate Force/Thrust Ratio and Rake Pressures vs
-Separation Distance

Figure 20 Supersonic Nozzle Flat Plate with Nozzle Plate and Circular
Fence ( h/r 4.535)

a* Plate Pressure Distribution

b. Fence Pressure Distribution

c. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

d. Nozzle Plate Force/Thrust Ratio vs Separation Distance
and Nozzle Plate Pressure Distribution

Figure 21 Supersonic Nozzle Flat Plate with Nozzle Plate and Nozzle

Tilted 100

a. Plate Pressure Distribution - Plane 1

b. Plate Pressure Distribution - Plane 2

c. Plate Pressure Distribution - Plane 3

d. Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

e. Nozzle Plate Force/Thrust Ratio vs Separation
Distance and Nozzle Plate Pressure Distribution

Figure 22 Supersonic Nozzle Flat Plate with Nozzle Plate and Sircular

Fence (hr/n= 0) Nozzle Tilted 10

a. Plate Pressure Distribution - Plane 1

b. Plate Pressure Distribution - Plane 2

c. Plate Pressure Distribution - Plane 3

d. Fence Pressure Distribution

e, Plate Force/Thrust Ratio and Rake Pressures vs
Separation Distance

f. Nozzla Plate Force/Thrust Ratio vs Separation Dis-
tance and Nozzle Plate Pressure Distribution


